DISS. ETH NO. 29620

MANTLE CONVECTION MODELS OF MARS:
FORMATION OF THE CRUSTAL DICHOTOMY AND
EFFECTS OF A POTENTIAL BASAL MAGMA OCEAN

A thesis submitted to attain the degree of
DOCTOR OF SCIENCES

(Dr. sc. ETH Zurich)

presented by
CHENG, KAR WAI

M.Sc. in Earth Sciences, ETH Zirich

born on 06.04.1993

accepted on the recommendation of
Prof. Dr. Paul Tackley
Prof. Dr. Gregor Golabek
Prof. Dr. Maxim Ballmer

Prof. Dr. Doris Breuer

2023






I live, 1 know.






Abstract

Mars is a small planet. Its lack of plate tectonics left Mars with a very old planetary
surface, allowing us to learn about the earliest part of geological history. The Martian crustal
dichotomy is the oldest and most striking feature on Mars. While many di [erknt hypotheses
involving both endogenic and exogenic mechanisms have been proposed, its origin has still not
been solved. As a starting step, to discriminate between the very di[erknt outcomes invoked
from a single giant impact, namely the Borealis basin and the southern highlands, explicit

modelling of the crust formation could be the key.

It has long been established that the internal mantle structure largely aledts the interior
thermal state and dynamics. While workers have examined stratifications within the solid-
state mantle in the past, e.g. a density or viscosity stratification due to phase changes and
mineralogy, studies involving a liquid layer or a magma ocean, have been limited to the earliest
stage planetary formation until recently. Such a stratification may exist on Mars. What is the
origin of a molten stratification and how does it aledt mantle dynamics? With the exciting
InSight discoveries about the Martian interior structure, this question can now be better posed

and constrained.

In this thesis, | make use of mantle convection models to address two questions — (1) the
impact origin the Martian crustal dichotomy, and (2) the e[edt of a Martian basal magma
ocean. By including both parametrised impact and a realistic impact from Smooth Particle
Hydrodynamics results, 1 show that Mars’s southern highland can be produced from the crys-
tallization of an impact-induced magma pond, while providing satisfying overall trends of crust
production history. The 2D and 3D cases are consistent with one another. However, there may
be a degeneracy between impactor size and mantle viscosity to produce the ideal geometry
of the southern highland crust, among other factors. On the other hand, I demonstrate that
a Martian basal magma ocean can exist at the base of the mantle, while satisfying various
observational constraints. The range of preferred parameters allow inference on the earliest
scenario, that magma ocean solidification process is strictly not from end-member fractional

crystallization.






Vii

Zusammenfassung

Der Mars ist ein kleiner Planet. Da es auf dem Mars keine Plattentektonik gibt, hat er
eine sehr alte Oberflache, die es uns ermdglicht, etwas Uber den friihesten Teil der geologischen
Geschichte zu erfahren. Die Krustendichotomie auf dem Mars ist das alteste und au [&lligste
Merkmal auf dem Mars. Obwohl viele verschiedene Hypothesen, die sowohl endogene als auch
exogene Mechanismen beinhalten, vorgeschlagen wurden, ist ihr Ursprung noch immer nicht
geklart. Ein erster Schritt zur Unterscheidung zwischen den sehr unterschiedlichen Ergebnissen
desselben Rieseneinschlags, néamlich dem Borealis-Becken und dem siidlichen Hochland, kénnte

die explizite Modellierung der Krustenbildung sein.

Es ist seit langem bekannt, dass die innere Mantelstruktur den thermischen Zustand und
die Dynamik im Inneren stark beeinflusst. Wahrend man in der Vergangenheit Schichtungen
innerhalb des Festkdrpermantels untersucht hat, z. B. eine Dichte- oder Viskositatsschichtung
aufgrund von Phasenveranderungen und Mineralogie, beschrénkten sich Studien, die eine flus-
sige Schicht oder einen Magmaozean einbeziehen, bis vor kurzem auf das friheste Stadium der
Planetenbildung. Eine solche Schichtung kdnnte auf dem Mars existieren. Was ist der Ur-
sprung einer geschmolzenen Schichtung und wie beeinflusst sie die Manteldynamik? Mit den
aufregenden InSight-Entdeckungen Uber die Struktur des Marsinneren kann diese Frage nun

besser gestellt und eingegrenzt werden.

In dieser Dissertation verwende ich Mantelkonvektionsmodelle, um zwei Fragen zu klaren:
(1) den Impaktursprung der Krustendichotomie auf dem Mars, und (2) die Auswirkungen
eines basalen Magmaozeans auf dem Mars. Indem ich sowohl einen parametrisierten Impakt
als auch einen realistischen Impakt aus SPH-Ergebnissen einbeziehe, zeige ich, dass das stidliche
Hochland des Mars aus der Kristallisation eines impaktinduzierten Magmateichs entstehen kann
und gleichzeitig zufriedenstellende Gesamttrends der Krustenproduktionsgeschichte liefert. Die
2D- und 3D-Félle sind miteinander konsistent. Es kénnte jedoch eine Degenerierung zwischen
der Grofie des Impaktors und der Viskositat des Mantels bestehen, um die ideale Geometrie der
stdlichen Hochlandkruste zu erzeugen. Andererseits zeige ich, dass ein basaler Magmaozean
auf dem Mars an der Basis des Marsmantels existieren kann, wobei verschiedene Beobachtungs-
bedingungen erflllt sind. Die Bandbreite der bevorzugten Parameter lasst Ruckschlisse auf
das friheste Szenario zu, dass der Erstarrungsprozess des Magmaozeans keineswegs auf einer

fraktionierten Kristallisation der Endglieder beruht.
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Chapter 1

Introduction

Mars is the fourth planet from the Sun, and is the second smallest terrestrial planet in the
Solar system, orbiting between the Earth and the asteroid belt. It is the second most explored
planetary body after the moon, mainly due to its proximity to the Earth, and the likely past
presence of water and therefore its possible habitability. In this chapter, | will introduce the
most prominent feature seen on Mars the crustal dichotomy, and briey go through the
general geological history and previous modelling e orts to understand the long-term interior

evolution (speci cally mantle convection) of the planet.

1.1 The crustal dichotomy

Curiosity has allowed mankind to do wonderful things, for example, sending spacecrafts to
Mars. When the rst photo-maps and measurements of Mars were obtained in the 1960s
and early 70s, the hemispherical dichotomy was one of the rst features we learnt about the
planet. As the most striking characteristic on the Martian surface, it refers to an asymmetry
between Mars' northern and southern hemispheres, seen in various types of data. First of
all, as displayed by altimetry studies (Hartmann, 1973; Smith et al., 2001), the topography
of Mars is mostly bimodal when measured with respect to the center of mass of the planet,
with the average northern lowlands being 4 km below areoid (Watters et al., 2007), and the
averaged southern highlands being 1.5 km above the areoid, and thus giving a topography
di erence of approximately 5.5 km (gure 1.1.1). Second, the southern highlands are heavily
cratered, while crater counts in the northern lowlands are visibly lower (Scott and Carr, 1978).

Third, the remnant magnetization in the north and the south also showed a distinction, where



2 Chapter 1. Introduction

blobs of anomalies in the southern highlands are recorded (Acuna et al., 1999; Morschhauser
et al.,, 2014; Plattner and Simons, 2015; Langlais et al., 2019). Forth, the crustal thickness,
inverted from gravity and topography assuming a uniform crustal density, was suggested to
be 35 - 39 km in the northern lowlands, and 51 - 67 km in the highlands, making a 26 km
di erence (Neumann et al., 2004; Zuber et al., 2000; Wieczorek, 2007). Recent seismic studies
have provided independent constraints which support these ranges of crustal thickness values
(Knapmeyer-Endrun et al., 2021), and con rm that the crustal densities between the north

and the south should be less than 200 kg n? (Kim et al., 2023).

Figures 1.1.2-1.1.6 shows the global map of topography, free-air gravity, Bouguer gravity,
crust thickness and magnetization of Mars. It is noteworthy that the boundaries of topography,
crustal thickness and magnetization do not strictly coincide with each other. As the higher
crater counts suggest an older surface age of the southern highlands, it has been generally
speculated that the highlands were formed rst at the earlier time than the lowlands. However,
Frey (2003) pointed out that considering the crater retention age which re ects the age of
basement instead of resurfacing age, the basements between the north and the south have a
similar age, while Tharsis is younger. Besides, based on stratigraphic relationships, lrwin Il
and Watters (2010) showed that the transition zone (also known as fretted terrain) at the
dichotomy boundary is formed distinctively later in time in the Early Hesperian Epoch (3.7
- 3.6 Ga), and is therefore unrelated to the formation of the dichotomy. In terms of surface
composition, Thermal Emission Spectrometer data (Band eld et al., 2000) suggest a more
basaltic composition for dark regions in the south and a more andesitic northern composition,
and therefore the southern crust could be denser Neumann et al. (2004). However, it has been
argued later by Wyatt and McSween (2002) that a similar spectral signal could alternatively

be reproduced by weathering and alteration of basaltic materials.

1.2 Geological background

Based on the observable geological records on the surface of Mars, three periods are de ned
in the Martian Geological Timescale, namely the Noachian, Hesperian, and Amazonian pe-
riod, which are further divided into 8 Epochs (Scott and Carr, 1978; Tanaka, 1986). These
relative ages are established mainly by stratigraphic relationships and impact crater densities,
while absolute model ages of the time boundaries are given using model impact cratering rate.
Depending on the crater production models for Mars (Hartmann and Neukum, 2001), the ab-

solute age for the Noachian-Hesperian boundary is estimated to be 3.71 - 3.56 Ga, while the



1.2. Geological background

Figure 1.1.1: Histogram of topography and crustal thickness of Mars (Watters et al., 2007)

Figure 1.1.2: MOLA topography map (Watters et al. (2007) and references therein)

Figure 1.1.3: Free air gravity map (Watters et al. (2007) and references therein)
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